Oxidative damage in testicular DNA is associated with poor semen quality, reduced fertility and increased risk of stillbirths and birth defects. These DNA lesions are predominantly removed by base excision repair. Cellular extracts from human and rat testicular cells and three enriched populations of rat male germ cells (primary spermatocytes, round spermatids and elongating/elongated spermatids) all showed pro®cient excision/incision of 5-hydroxycytosine, thymine glycol and 2,6-diamino-4-hydroxy-5-formamidopyrimidine. DNA containing 8-oxo-7,8-dihydroguanine was excised poorly by human testicular cell extracts, although 8-oxoguanine-DNA glycosylase-1 (hOGG1) was present in human testicular cells, at levels that varied markedly between 13 individuals. This excision was as low as with human mononuclear blood cell extracts. The level of endonuclease III homologue-1 (NTH1), which excises oxidised pyrimidines, was higher in testicular than in somatic cells of both species. Cellular repair studies of lesions recognised by formamidopyrimidine-DNA glycosylase (Fpg) or endonuclease III (Nth) were assayed with alkaline elution and the Comet assay. Consistent with the enzymatic activities, human testicular cells showed poor removal of Fpg-sensitive lesions but ef®cient repair of Nth-sensitive lesions. Rat testicular cells ef®ciently repaired both Fpg-and Nth-sensitive lesions. In conclusion, human testicular cells have limited capacity to repair important oxidative DNA lesions, which could lead to impaired reproduction and de novo mutations.
INTRODUCTION
The integrity of the male germ cell genome is important for the successful production of offspring. Several biological systems have evolved that provide continual maintenance of the DNA molecule. Among these are the excision repair pathways that correct physical injuries to DNA as well as replication errors, thereby contributing to the quality control systems ensuring DNA ®delity. We recently showed ef®cient repair of alkylated bases, mainly via base excision repair (BER), in human and rat male germ cells (1) and the rather surprising results of suppressed or non-functional nucleotide excision repair (NER) in rat male germ cells (2, 3) . The present study focuses on the repair of oxidative DNA damage in human and rat male germ cells.
Reactive oxygen species (ROS) are formed in cells as byproducts of normal cellular metabolism, or by external sources such as ionising radiation, near-UV light, redox-active drugs and sensitising dyes. ROS react with DNA to form genotoxic lesions such as 8-oxo-7,8-dihydroguanine (8-oxoG), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FaPy), thymine glycol (TG) and 5-hydroxycytosine (5-ohC). 8-oxoG residues are mutagenic, as they give rise to G:C®T:A transversions (4), and 5-ohC has a potential for pairing with A, resulting in C:G®T:A transitions, whereas FaPy and TG are cytotoxic. 8-oxoG residues were recently shown to block transcription by RNA polymerase II in vivo (5) whereas TG blocks both DNA and RNA polymerases in vitro (6, 7) . Both testicular cells and sperm contain oxidised DNA lesions (8±10) and the levels increase following exposure to a variety of drugs, irradiation and environmental factors, such as heavy metals (11, 12) .
Repair of oxidised bases by the BER pathway is initiated by DNA glycosylases that cleave the base±deoxyribose glycosylic bond of the damaged nucleotide residue. The resulting apurinic/apyrimidinic sites (AP sites) are incised by AP-endonucleases or AP-lyases, and the process proceeds with DNA synthesis and ligation. BER seems essential for the repair of endogenous DNA damage, as illustrated by the embryonic lethality of mice with gene knockout of proteins required for later steps in BER, including AP-endonuclease, DNA polymerase b (some survived to birth) and X-ray crosscomplementing protein 1 (Xrcc1) (13) . On the other hand, mice with gene knockout in early steps of BER, such as 8-oxoguanine-DNA glycosylase-1 (Ogg1) or uracil DNA glycosylase (Udg), are viable, suggesting the existence of back-up enzymes (14, 15) .
Mammalian OGG1 homologues have been cloned and characterised in humans (hOGG1) (16±21), mice (21, 22) and rats (Ogg1) (23) . OGG1 incises 8-oxoG as well as FaPy *To whom correspondence should be addressed. Tel: +47 22042426; Fax: +47 22042686; Email: gunnar.brunborg@fhi.no residues and has associated AP-lyase activity (18) . The incision of 8-oxoG and the AP-lyase activity are most ef®cient when the base or AP site is located opposite a cytosine (18) . OGG1 is essential for the repair of 8-oxoG in the nontranscribed strand of a gene whereas an OGG1-independent pathway for the removal of 8-oxoG in the transcribed strand seems to exist in vivo (24) . It was recently shown that active hOGG1 bound to the nuclear matrix and mitotic chromatin is phosphorylated (25) .
The human as well as the mouse genes for the DNA glycosylase endonuclease III homologue-1 (NTH1) have been cloned (26±28). The enzyme hNTH1 excises oxidised pyrimidines, such as 5-ohC and TG, as well as FaPy residues, and has associated AP-lyase activity (26, 29, 30) . NTH1 is surprisingly ineffective compared to the bacterial enzyme, but it was recently shown that hNTH1 is stimulated by the presence of physiological concentrations of Mg 2+ and that hNTH1 incises lesions positioned opposite G most ef®ciently (31) . Furthermore, the activity of hNTH1 is stimulated by the XPG protein both in vivo and in vitro (14, 32, 33) .
Recently several DNA glycosylases that belong to the formamidopyrimidine-DNA glycosylase (Fpg)/Nei family have been described (34±36). One of these (NEH1/hNEI1/ hFPG1) ef®ciently excises FaPy, oxidised pyrimidines and, weakly, 8-oxoG, and its mRNA is moderately expressed in the testis. Another enzyme (NEH2/hNEI2/hFPG2), exclusively expressed in the testis and thymus, excises FaPy residues (36) .
In this study the presence of activities like OGG1 and NTH1 in cellular extracts from human and rat male germ cells was studied, based on the activities for incising DNA lesions such as 8-oxoG, 5-ohC, TG and FaPy residues, and on western analysis using speci®c antibodies. Extracts were prepared from crude testicular cell suspensions as well as from enriched fractions of cells at different stages of spermatogenesis to detect possible cell-speci®c differences. Furthermore, cellular repair of DNA lesions removable by the Escherichia coli enzymes Fpg and endonuclease III (Nth) was studied using modi®ed versions of the alkaline elution and the Comet assays.
MATERIALS AND METHODS

Cells
Human testis biopsies were obtained from organ transplant donors and rat testes from sexually mature male Wistar rats (MOL: WIST, 200±300 g; Mùllegaard, Ejby, Denmark). The human tissues were obtained in accordance with the Norwegian law concerning transplantation, hospital autopsies and donation of corpses (revision of January 1, 1994). Human testis biopsy donors (n = 19; denoted by numbers) were 14±74 years old with spermatogenesis within the normal range for 18 of the 19 donors as judged by¯ow cytometric (37) and histological analyses, with one suffering from the`Sertoli cellonly' syndrome (no. 14). Human and rat testicular cells (hTC and rTC, respectively) were isolated by enzymatic digestion with collagenase and trypsin and were kept in culture medium as previously described (1, 3, 38) . Human and rat mononuclear blood cells (hMNC and rMNC, respectively) and rat primary hepatocytes (rHEP) were isolated as previously described (1,3). Lymphoblastoid cells (LC) (GM 00130; Coriell Cell Repositories, Camden, NJ) were cultivated in a humidi®ed atmosphere in RPMI culture medium with 25 mM HEPES buffer, L-glutamine and 15% fetal calf serum. Primary normal human ®broblasts (VH25; a gift from Leon Mullenders) were cultivated as for GM 00130 cells, but in a 2.5% CO 2 atmosphere. Viability of cells, assessed by trypan blue exclusion and for some samples also by propidium iodide exclusion, was >90%.
Enrichment and characterisation of male germ cells
Human and rat testicular cells were separated by centrifugal elutriation by two different procedures; human cells as described (39) and rat cells as described (1, 40, 41) . Three cell fractions were collected containing predominantly primary spermatocytes (SC), round spermatids (RS) or elongating/elongated spermatids (ES). The rat ES were further enriched by metrizamide density gradient centrifugation (41) . The composition of testicular cell suspensions was analysed with¯ow cytometric, immunocytochemical and microscopical methods as previously described (1) .
The proportion of somatic cells in normal human crude testicular cell suspensions (hTC) averaged 17% (range 9±25%), as estimated by¯ow cytometry after immunostaining of the cytoskeletal protein vimentin (42) that is expressed in somatic cells only. Human testicular cells were fractionated into populations containing 50±70% primary spermatocytes (hSC), 50±70% round spermatids (hRS) or 70±85% elongating/elongated spermatids (hES). The three enriched rat male germ cell populations used contained 50 T 15% spermatocytes (rSC), 93 T 4% round spermatids (rRS) and 94 T 2% elongating/elongated spermatids (rES).
Preparation of cellular extracts
Protein extracts were made by plasmolysis as described (1) or by homogenisation of tissue (testis, liver, kidney and spleen), and protein contents were determined by the method of Lowry using bovine serum albumin as a standard.
Preparation of DNA substrates
Duplex DNA substrate containing 8-oxoG was prepared as described (1, 43) . In short, single-stranded oligonucleotides (Eurogentech, Seraing, Belgium) containing the lesion were 5¢-end-labelled with [g-32 P]ATP (5000 Ci/mmol; Amersham Pharmacia Biotech, Little Chalfont, UK) and T4 polynucleotide kinase (37°C for 30 min) and hybridised with complementary oligonucleotides. Duplex DNA was puri®ed by separation by non-denaturing PAGE and electroelution. The DNA sequence of the oligonucleotide containing 8-oxoG was 5¢-ATCACCGGC [8-oxoG] CCACACGAGCTG.
A duplex DNA substrate containing 5-ohC was made by annealing a 5¢-32 P-end-labelled 40mer (5¢-AATTGCGATCT-AGCTCGCCAG[5-ohC]AGCGACCTTATCTGATGA-3¢) to a complementary oligonucleotide. Puri®cation of the duplex DNA was by non-denaturing PAGE and electroelution.
A substrate containing TG was prepared as described (44, 45) . Four oligonucleotides were used (I, 5¢-TTGACATT-GCCCT; II, 5¢-CGCGA[TG]ACGCC, a gift from Dr Philip Bolton; III, 5¢-TAGACGAATTCCG; and a complementary 37mer oligonucleotide). Oligonucleotide I was 5¢-endlabelled, the three oligonucleotides (I, II and III) were ligated (8 U T4 DNA ligase at 16°C for 3 h) and hybridised to the complementary 37mer oligonucleotide. The double-stranded substrate was treated with 2.5 ng E.coli endonuclease IV (Nfo) to remove oligonucleotides containing AP sites prior to puri®cation by 15% denaturing PAGE. The full-length singlestranded oligonucleotide containing TG was extracted by electroelution and hybridised again to the complementary 37mer oligonucleotide.
A substrate containing 3 H-labelled FaPy was prepared as described (46, 47) 
DNA glycosylase/AP-lyase assays
All enzyme reactions were carried out in 70 mM morpholinopropane sulfonic acid, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol and 5% glycerol, and incubated at 37°C, unless otherwise indicated. The oligonucleotide nick assay was carried out as described (1, 43, 45) . Excision of the 8-oxoGsubstrate (0.15 fmol) was performed in the presence of Nfo (20 ng/reaction) using 10 mg extract (13.7 ml total volume, 60 min). Incision of the 5-ohC:G substrate (1 fmol) was performed using 2 mg extract (5 ml total volume, 30 min). Incision of TG-DNA (10 fmol) was performed using 5 mg extract (10 ml total volume, 60 min). Incision of the 8-oxoG and 5-ohC substrates (100 fmol) by the 13 human testicular extracts (Fig. 2) was performed using 5 ng Saccharomyces cerevisiae AP-endonuclease 1 (Apn1) and 5 mg extract for each reaction and incubation for 30 min. Reactions were terminated by adding gel loading dye solution (95% formamide, 20 mM EDTA, pH 8, 0.05% bromophenol blue, 0.05% xylene cyanol) in 0.7 times the total volume of the reaction. The substrate and cleavage products were separated by 20% denaturing PAGE and visualised using a Molecular Dynamics PhosphorImager model 445 SI. The relative amount of cleaved substrate was calculated as the amount of cleaved substrate divided by the total amount of substrate. Excision of FaPy DNA residues was performed as described (43) . Protein extracts were incubated with 0.24 mg [ 3 H]FaPy DNA substrate in a total volume of 50 ml. Reactions were stopped by adding 75 ml solution A (2 mg calf thymus DNA, 80 mg BSA, 0.5 M NaAc, pH 5.5). DNA was ethanol precipitated, centrifuged and the amount of released [ 3 H]FaPy residues in an aliquot of the supernatant was measured by liquid scintillation counting.
Western analyses
Standard western procedures were followed using 5±30 mg extract. Primary antibodies for the detection of OGG1 were a polyclonal rabbit anti-hOGG1 serum (1:3000 dilution; a gift from Dr Sancar Mitra) generated against a hOGG1 peptide, and monoclonal mouse anti-hOGG1 (1:100 dilution; IBL, Gunma, Japan). Primary antibody for the detection of NTH1 was rabbit anti-hNTH1 generated against the protein (1:1000 dilution; a gift from Dr Sancar Mitra). Secondary antibodies were donkey anti-rabbit±horseradish peroxidase (HRP) conjugate, donkey anti-mouse±HRP conjugate (Jackson ImmunoResearch, West Grove, PA) or mouse anti-rabbit± alkaline phosphatase conjugate (Promega, Madison, MI). Bands were visualised using enhanced chemiluminescence (ECLÔ; Amersham Pharmacia Biotech) followed by autoradiography or development of color (Protoblot â ; Promega).
Cellular DNA repair assays
Treatment of cells. To analyse the removal of Fpg-sensitive DNA lesions, the compound ethyl 7-oxo-7H-thieno[2,3-A]-quinolizine-8-carboxylate (Ro 12-9786; a gift from Dr Elmar Gocke) was used. Human and rat testicular cells (1.5±2.2 Q 10 6 cells/ml) in phosphate-buffered saline on ice were treated with Ro 12-9786 (3±6 mM) in 0.5% dimethylsulphoxide combined with cold visible light (5 min, Schott KL 1500 electronic) at a distance of 10 cm from the ®bre optic light guide. After exposure, the cells were centrifuged and resuspended in fresh culture medium. Repair of the induced DNA damage in testicular cells was allowed by incubation in a humidi®ed atmosphere at 32°C, 5% CO 2 for up to 8 h. Human normal primary ®broblasts were grown to near con¯uence, exposed to Ro 12-9786 (6 mM) and light (5 min, 15 cm distance). The cells were incubated for repair at 37°C and 2.5% CO 2 , and otherwise treated similarly to testicular cells. The incubation period was up to 4 h, after which the cells were harvested by scraping and transferred to the alkaline elution ®lters.
To analyse the repair of Nth-sensitive DNA lesions, oxidative DNA damage was introduced by irradiating cells (1.3 Q 10 6 /ml) on ice with X-rays (3 Gy; Phillips MG300 X-ray unit, operated at 10 mA and 260 kV). Cells were kept in a humidi®ed atmosphere at 32°C, 5% CO 2 for up to 2 h to allow repair.
Alkaline elution in combination with crude extract of Fpg. Alkaline elution was performed as previously described with modi®cations (48), using exogenous enzymes for removing modi®ed bases, as described (49) with modi®cations. Following lysis of the cells, DNA was washed with 20 mM Na 2 EDTA, pH 9.6, for 35 min and then with BE1 buffer (20 mM Tris±HCl, 100 mM NaCl, 1 mM Na 2 EDTA, pH 7.5) for 1 h; these buffers were¯ushed through each ®lter at a¯ow rate of 0.25 ml/min. Subsequently, the DNA was treated with a crude Fpg extract (5 mg/ml, prepared from a Fpg overproducing E.coli strain in BE1 buffer with 0.01% BSA). The Fpg/BE1 mix was ®rst¯ushed through each ®lter (0.25 ml/min) for 7 min at 22°C followed by 30 min at 0.034 ml/min at 37°C. The Fpg-treated DNA was washed with 20 mM Na 2 EDTA, pH 9.6, for 37 min at 22°C (0.25 ml/min). Finally, DNA was eluted at pH 12.25 T 0.05 and quanti®ed as previously described (48) . The damage levels were calculated from elution pro®les and are expressed as`normalised area above curve' (NAAC) (2) . Calibration of the system and calculation of the number of Fpg-sensitive DNA lesions was carried out using X-rays at the relevant elution pH, and assuming an induction of 90 Q 10 ±9 /nt/Gy [~1000 single strand breaks (SSB)/diploid cell/Gy].
Comet assay in combination with puri®ed Nth or crude extract of Fpg. The Comet assay was performed as described with modi®cations (1). After lysing cells embedded in agarose, slides were immersed in buffer A (40 mM HEPES, pH 8.0, 0.1 M KCl, 0.5 mM EDTA) twice for 10 min. Subsequently, 50 ng of puri®ed Nth (a gift from Dr Serge Boiteux) in buffer A with 0.2 mg/ml BSA in a total volume of 50 ml was added to each slide, and the slides were incubated at 37°C for 45 min. To analyse the number of Fpg-sensitive DNA lesions, slides were incubated in buffer A with 0.2 mg/ml BSA and 0.7 mg/ml crude Fpg extract at 37°C for 30 min. The subsequent steps were performed as described previously (1). The tail moment was used as a quantitative measure of the DNA damage. The Comet assay was routinely calibrated with cells exposed to Xrays, inducing DNA lesions (SSB and alkali-labile DNA lesions) in a strictly linear fashion up to a tail moment of 40 (5 Gy), followed by a lower slope up to a tail moment of 60 (10 Gy). A comet with a tail moment of 25 represents a moderately damaged cell (~3 Gy) with~35% tail DNA. The total¯uorescence (proportional to the DNA content of each comet) was recorded to analyse cells of different ploidy (1C, spermatids; 2C, Sertoli cells, Leydig cells, secondary spermatocytes and leukocytes; 4C, primary spermatocytes).
Statistical analyses
Differences in enzymatic activities in cellular extracts were tested using Student's t-test. Correlation coef®cients, signi®cance levels and power were calculated by linear regression tests using SigmaStat for Windows version 2.03.
RESULTS
Excision of oxidative lesions by human and rat male germ cell extracts
In mammalian cells 8-oxoG is mainly repaired via BER initiated by OGG1 (14) . Excision of 8-oxoG was analysed by measuring the abilities of cellular extracts to cleave a DNA substrate, i.e. a linear duplex of two complementary oligonucleotides, one containing an 8-oxoG residue. Excess AP-endonuclease (Nfo) was added to each reaction to process abasic sites.
Human testicular extracts showed very limited excision of 8-oxoG when compared to rat testicular extracts, whereas similar low excision was observed in human mononuclear blood cell extracts (Fig. 1A) . To establish optimal assay conditions a number of parameters were tested, such as different concentrations of extract, substrate, adding competitive DNA [poly(dA´dT)] or changing the total volume or the duration of the reaction (data not shown). In the rat there was a marked reduction in 8-oxoG removal along with the progression of spermatogenesis (Fig. 1A) , with the early spermatocytes exhibiting the highest and the later elongating/ elongated spermatids the lowest activity (3.7-fold lower than rSC; P < 0.01). Rat male germ cells removed 8-oxoG poorly when base paired with T, G or A, as opposed to ef®cient removal when base paired with C (data not shown). This is similar to the properties of OGG1 (18) .
Repair of the oxidised pyrimidines 5-ohC and TG in mammalian cells is initiated by enzymes such as NTH1 (26, 29, 30) . The abilities of cellular extracts to remove these DNA lesions were measured as cleavage of linear duplex DNA containing one such damaged base per duplex. Different from the results with 8-oxoG, both human and rat male germ cells excise 5-ohC (Fig. 1B) . Human male germ cells excised 5-ohC as ef®ciently as did rat male germ cells, and the various rat spermatogenic cell stages excised 5-ohC with similar ef®ciencies. Comparing somatic and male germ cells, human mononuclear blood cells showed 25% lower activity (P < 0.05) than human testicular cells, whereas rat hepatocytes exhibited 2.5-to 3-fold lower (P < 0.001) activity than rat testicular cells. TG was removed by both human and rat male germ cells (Fig. 1C) , and the results were quantitatively similar to those for 5-ohC.
Several DNA glycosylases are able to remove FaPy residues, including hOGG1 and hNTH1, as well as the newly identi®ed hFPG1 and hFPG2 (18,30,34±36) . The removal of FaPy residues by cellular extracts was measured by quantifying the number of residues released from poly(dG´dC) DNA containing FaPy residues. Human testicular cell extracts did release FaPy residues (Fig. 1D) , in contrast to their very low incision of 8-oxoG (Fig. 1A) . Compared to rat male germ cells, the release of FaPy residues was lower (up to 5-fold) in human male germ cells, mononuclear blood cells and rat hepatocytes. Similar to the results with 8-oxoG (Fig. 1A) , marked differences in the number of released FaPy residues were observed between rat male germ cells of different spermatogenic stages (Fig. 1D) , with activity levels declining concurrently with the progression of spermatogenesis.
Excision of 8-oxoG and 5-oh-C by extracts from 13 different human testis biopsies
In order to identify possible differences in DNA glycosylase activities between individuals, several different human testicular extracts were tested for their abilities to excise 8-oxoG:C and 5-ohC:G (Fig. 2) . Excess Apn1 was added to each reaction to ensure that all AP sites generated during the assay were cleaved. Thirteen different human testicular extracts showed low but signi®cant excision of 8-oxoG ( Fig. 2A) , whereas 5-ohC was ef®ciently excised under similar conditions (Fig. 2B) , and marked inter-individual variations were observed. The excision of 8-oxoG did not correlate with the excision of 5-ohC for any of the individuals.
Expression of OGG1
Two antibodies were used for the detection and analysis of OGG1. One monoclonal antibody identi®es both the nuclear hOGG1-1a and the mitochondrial hOGG1-1b (50) . The ability to visualise puri®ed hOGG1-1a was con®rmed (data not shown). A polyclonal antibody also recognised both hOGG1 species, and gave a much stronger staining signal than the monoclonal antibody. The polyclonal antibody was used subsequent to the identi®cation of speci®c bands by means of the monoclonal antibody (Fig. 3A±D) . As a gel-to-gel standard, equal amounts of a LC extract were applied in one lane of each gel (Fig. 3A and B) . Both human and rat male germ cells expressed OGG1 (Fig. 3A, upper panel, and B±D) . Human testicular cells from 13 different biopsies generally expressed higher levels of hOGG1 than mononuclear blood cells and lymphoblastoid cells (Fig. 3A, upper panel) , but lower than primary human ®broblasts (data not shown). Furthermore the expression of hOGG1 in testicular extracts varied markedly between individuals. The predominant version of hOGG1 expressed by human testicular cells was the nuclear hOGG1-1a (~36 kDa), similar to somatic cells. Somatic cells also expressed signi®cant amounts of the mitochondrial hOGG1-2a (~40 kDa). Interestingly, among the 13 human testis biopsies showing normal spermatogenesis, three exhibited almost non-detectable levels of hOGG1 (Fig. 3A, upper panel) , indicating signi®cant inter-individual differences in hOGG1 expression. The same three biopsies did however express normal levels of hNTH1, using the same western membrane (Fig. 3A, lower panel) . Cell populations enriched in human testicular cells of speci®c stages expressed hOGG1 non-uniformly (Fig. 3B, upper panel) , with spermatocytes expressing the highest and elongating/elongated spermatids the lowest amounts of the nuclear hOGG1-1a, respectively. One particular exception is enriched cell populations from testis biopsy 3 that showed very low expression of hOGG1. This extract was however able to incise 8-oxoG ( Fig. 2A) , indicating the presence of alternative DNA glycosylases for the excision of 8-oxoG. Interestingly, one testis biopsy (no. 14) from a donor with Sertoli cell-only syndrome (no male germ cells) did not express the nuclear hOGG1-1a but signi®cant amounts of the mitochondrial hOGG1-2a (Fig. 3A, upper panel) .
The expression of Ogg1 in the rat was different from that in human male germ cells. Rat germ cells expressed two bands of 35±37 kDa (Fig. 3C) , and Ogg1 was present in markedly smaller amounts in rat male germ cells compared to rat somatic tissues (Fig. 3D) . Furthermore, the expression of the two smaller molecular weight Ogg1 species varied in the different spermatogenic cell types (Fig. 3C) .
Expression of NTH1
Using the same western membranes as those for detecting OGG1, we found that human testicular cells consistently expressed substantially higher amounts of hNTH1 compared to mononuclear blood cells and lymphoblastoid cells (Fig. 3A,  lower panel) , and the expression varied between the biopsies. Furthermore, the expression of hNTH1 was higher in spermatocytes and round spermatids compared to elongating/elongated spermatids (Fig. 3B, lower panel) . Similar to human extracts, rat testicular cells expressed higher amounts of Nth1 than somatic cells (hepatocytes), and the expression varied similarly between the male germ cell stages (Fig. 3E) .
Cellular repair of Fpg-sensitive DNA lesions
Repair of Fpg-sensitive DNA lesions, i.e. predominantly 8-oxoG residues, was measured in human and rat male germ cells by the alkaline elution or Comet assay, both in combination with excess amounts of a crude Fpg extract. Oxidative DNA lesions were introduced by exposing cells to the photoactive substance Ro 12-9786 that mediates oxidation of bases when activated by visible light. Unlike most other oxidative agents, Ro 12-9786 induces very low numbers of Testicular cells from four different humans showed very poor repair of Fpg-sensitive DNA lesions (Fig. 4B±F) , as opposed to normal human ®broblasts exhibiting ef®cient repair with completion within 4 h (Fig. 4A) . The two cellular repair assays were used to measure repair in populations of cells (alkaline elution) and in single cells (Comet assay). The results were consistent with the enzymatic activities for excision of 8-oxoG ( Figs 1A and 2A) . Limited repair ef®ciency by human testicular cells was observed following exposure to two different concentrations of Ro 12-9786 (Fig. 4B±F) .
Unlike human male germ cells, rat male germ cells ef®ciently repaired the Fpg-sensitive DNA lesions (Fig. 5A) . Using the alkaline elution technique, repair was found to be rapid during the ®rst 2 h of incubation, when about 40% of the initial DNA lesions were eliminated, after which the number of Fpg-sensitive DNA lesions reached a steady state. To obtain information about different spermatogenic cell types, the Comet assay was used since it allows separate analyses of primary spermatocytes (4C) and round spermatids (1C) on the basis of their amount of DNA. The results clearly show that both primary spermatocytes and round spermatids repaired Fpg-sensitive DNA lesions ef®ciently, and to completion within 2 h (Fig. 5B) . Elongating/elongated spermatids were not included in these analyses due to their distinctive morphology and tight packaging of DNA, which prevent tail formation under the conditions used.
Cellular repair of Nth-sensitive DNA lesions
Cellular repair of oxidised pyrimidines was analysed following exposure of the cells to X-rays, allowing repair by incubation, and analysis of the number of Nth-sensitive DNA lesions (mainly hydrated pyrimidines) in each cell using the Comet assay in combination with puri®ed Nth. Both human and rat male germ cells exhibited ef®cient and complete repair of the Nth-sensitive DNA lesions within 2 h (Fig. 6) . Furthermore, both round spermatids and primary spermatocytes repaired Nth-sensitive DNA lesions at approximately similar rates (data not shown). Compared to male germ cells, mononuclear blood cells from both humans and rats removed Nth-sensitive DNA lesions slowly (Fig. 6) . Furthermore, rat male germ cells exposed to 30 or 50 mM hydrogen peroxide for 5 min revealed similar ef®cient repair of the Nth-sensitive DNA lesions (data not shown).
DISCUSSION
There are several lines of evidence indicating harmful effects of oxidative DNA damage in male germ cells. The . Cellular repair of Nth-sensitive DNA lesions by human and rat cells. Human and rat male germ cells and mononuclear blood cells exposed to X-rays (3 Gy) were allowed to repair for different time periods. Nth-sensitive DNA lesions were measured as SSB (tail moment) in the Comet assay after treating nuclear DNA with puri®ed Nth to transform Nth-sensitive DNA lesions into SSB. Human testicular cells from three individual testis biopsies (nos 9, 10 and 15) are presented. The results from rat male germ cells and human mononuclear blood cells (mean T SD) are from three independent experiments, whereas the results with rat mononuclear blood cells are from one representative experiment. Open diamonds and triangles represent exposed cells treated with or without Nth, respectively, whereas ®lled triangles and squares represent unexposed cells treated with or without Nth, respectively. presence of oxidative DNA damage in sperm is associated with male infertility, reduced sperm number and function (51, 52) , and the number of 8-oxoG residues in the DNA correlates with lifestyle factors such as smoking (53) . Sperm exposed to even high doses of X-rays retain their ability to fertilise an oocyte (54), whereas extensive DNA damage affects embryonic development and leads to a high rate of early pregnancy loss (55) . Mutations in DNA repair genes leading to meiotic defects have been proposed as one reason why mutations are common in infertile men with meiotic arrest (56) .
The blood±testis barrier partly protects male germ cells from exogenous genotoxic agents. The requirement for removal of bulky lesions via NER may thus be limited, and indeed NER appears to be low or non-functional in rat male germ cells (2,3) . However, spontaneously induced DNA lesions such as oxidative DNA damage do arise in all cells including male germ cells, and they are likely to be repaired. Accordingly, we have shown that methylated DNA is ef®ciently repaired by human and rat male germ cells (1). Intano et al. have shown high activity in vitro for BER of uracil in extracts of a mixture of mouse male germ cells (57) and in extracts of cells of different stages of spermatogenesis (58) .
To our knowledge, this is the ®rst study of repair of oxidative DNA base lesions by BER in male germ cells of humans and rats. The results show distinctive differences in repair capacity of various oxidative DNA lesions between human and rat male germ cells. Rat male germ cells ef®ciently repaired both Fpg-and Nth-sensitive DNA lesions, whereas human male germ cells ef®ciently repaired Nth-sensitive DNA lesions only. The presence and amounts of DNA glycosylases such as OGG1 and NTH1 in human and rat male germ cells, measured in extracts by western analyses and indirectly by enzymatic analyses, were largely consistent with the observed cellular repair.
OGG1 in human and rat male germ cells
In contrast to the rodent male germ cell results, human testicular extracts excised 8-oxoG poorly. A number of assay conditions were tested, since 8-oxoG excision by human extracts has been dif®cult to detect (59) . Previous studies have shown that 8-oxoG is poorly repaired by normal human or rodent somatic extracts compared with other lesions such as uracil and abasic sites (60) . Despite a low 8-oxoG DNA glycosylase activity in human testicular cells, western analyses show that the hOGG1 protein is present. The functionality of the detected protein species should therefore be questioned, or it could be that hOGG1 has a low turnover. The apparent lack of consistency between 8-oxoG excision and the amount of hOGG1 in protein extracts (Figs 2A and 3A) suggests the presence of back-up activities, and also that the alternative activities may be up-regulated when the amount of OGG1 is low. Statistical analyses indeed suggest a negative correlation between hOGG1 and 8-oxoG incision, although non-signi®-cant (r = ±0.495, P = 0.085). One descriptive example is the extract from human testis biopsy 3 that showed very low expression of hOGG1 by western analyses, even in enriched cell fractions (Fig. 3) , whereas the extract exhibited the highest amount of 8-oxoG excision activity among the 13 testicular extracts (Fig. 2A) .
The ef®cient incision of 8-oxoG observed in rat male germ cell extracts is consistent with previous results from mice (14) . In rodent male germ cells, the major 8-oxoG-excising activity measured in vitro most likely re¯ects that of Ogg1, since testicular extracts from Ogg1 null mice showed no residual incision of 8-oxoG using a similar DNA glycosylase assay (14) . The declining amount of Ogg1 in rats with the progression of spermatogenesis is probably related to differences in transcriptional and translational activity accompanying the changes in chromatin structure. The high expression of OGG1 in spermatocytes could suggest a role for OGG1 in recombination. Heteroduplexes formed between DNA strands derived from non-identical homologous chromosomes are intermediates in meiotic crossing over, and they contain base mismatches that need to be corrected. Both the yeast Ogg1 and the E.coli Fpg have very high af®nity for C:C mismatches, which are poorly repaired by the mismatch repair machinery (61) , and OGG1 bound to such mismatches may thus act as a signal for initiating repair or preventing recombination.
The elevated rate of metabolism in the rat compared to the human most likely requires a higher capacity for the removal of oxidative DNA damage. Very low levels of Ogg1 mRNA were detected in many mouse tissues except the testis (22) . The two bands of Ogg1 in the western analyses of rat testicular extracts ( Fig. 3C and D) may represent alternatively spliced variants of Ogg1 or post-translationally modi®ed versions of Ogg1. One of the bands may represent phosphorylated Ogg1, since hOGG1 associated with the nuclear matrix was recently shown to be phosphorylated (25) .
Recent publications indicate that the most important role for Ogg1 in mice could be repair of mitochondrial rather than nuclear 8-oxoG (62) . A somatic mutation leading to impaired mitochondrial targeting in hOGG1 found in kidney cancer was recently identi®ed (63) . In our analyses, the expression of mitochondrial OGG1 in humans and rat male germ cells is limited, and the mitochondrial repair capacity of oxidative DNA lesions in male germ cells remains to be investigated.
Repair of Fpg-sensitive DNA lesions
Treatment of cells with Ro 12-9786 plus visible light induced high numbers of Fpg-sensitive DNA lesions relative to the number of SSB. Similar methods have proven useful as tools for the study of the repair of oxidative DNA lesions in somatic cells (14, 49) . In these studies the induced DNA lesions were identi®ed as almost exclusively 8-oxoG (49, 64) . In the present study, the spontaneous number of Fpg-sensitive DNA lesions is estimated to be 0.3±0.4 per 10 6 bp in human testicular cells compared to 0.14 per 10 6 bp in rat testicular cells. Using a similar technique P¯aum et al. (49) reported 0.07±0.3 Fpgsensitive DNA lesions per 10 6 bp in various human cell types. The higher number of spontaneous Fpg-sensitive DNA lesions in human testicular cells corresponds with the low rate of repair of such lesions. The amount of 8-oxoG in nuclear liver DNA of Ogg1 null mice is approximately 2-fold higher than in the wild type (14) .
The poor repair of Fpg-sensitive DNA lesions in human testicular cells is in contrast to the ef®cient repair in rat testicular cells (Fig. 5 ) and in human primary ®broblasts (Fig. 4) . Furthermore, in correspondence with the results with hMNC extracts, others have previously shown that human lymphocytes poorly repair both Fpg-and Nth-sensitive DNA lesions (65, 66) . The repair of 8-oxoG has previously been reported to be approximately similar in rodent and human somatic cells (67) . The low repair of this speci®c type of oxidative DNA lesion in human male germ cells is contrasted by ef®cient BER of other types of lesions in human testicular cells prepared similarly, such as Nth-sensitive sites (Fig. 6 ) and methylated bases (1), indicating that the primary cells are pro®cient in repairing at least some types of lesions via BER. Four consecutive human biopsies consistently showed limited cellular removal of Fpg-sensitive DNA lesions, and the probability that these represent individuals with no expression of DNA glycosylases removing 8-oxoG is very low. The hOGG1 levels were not recorded in the four individuals; however, in the extended set of 13 donor biopsies the expression of hOGG1 varied markedly and three individuals; showed non-detectable levels of hOGG1 (Fig. 3) . Also, the activities for excision of 8-oxoG varied markedly between individuals ( Fig. 2A ) and the amount of hOGG1 was negatively, although non-signi®cantly, correlated with the 8-oxoG-excising activity.
The human testicular cell populations studied here contain a high proportion of cells at late stages of spermatogenesis (spermatids), and we ®nd it plausible that earlier stages may retain the ability to remove these biologically important DNA lesions, as was observed in the rat. On the other hand, male germ cells may not accumulate very high numbers of oxidative DNA lesions, since the testicle exhibits low blood ow and hence low partial O 2 pressure, and some of the cells use lactate as their energy source. However, this does not explain the difference between humans and rats. Consistent with our results, a large study concluded that spermatogenesis in man is 3.1 times more sensitive to ionising radiation than in the mouse (68) . In general, an alternative to repairing Fpgsensitive DNA lesions is to eliminate the cells that contain such DNA lesions via apoptosis, which is dependent on the level of DNA damage (69) .
The pro®cient repair of Fpg-sensitive DNA lesions in rat testicular cells is consistent with induced unscheduled DNA synthesis in rodent male germ cells following exposure to oxidising agents (70) . While the repair of Fpg-sensitive DNA lesions in rat male germ cells using alkaline elution was initially rapid, a substantial level of non-repaired lesions remained even at extended (8 h) repair periods (Fig. 5A ). This apparent bimodal repair of Fpg-sensitive DNA lesions could re¯ect heterogeneous repair within the cell or among male germ cells at different spermatogenic stages, since mixed cell samples were analysed (1). The non-repaired fraction of DNA observed with alkaline elution, in which repair in the whole population of cells is measured, compared with the complete repair observed in both primary spermatocytes and round spermatids in the Comet assay, suggest that elongating/ elongated spermatids may exhibit limited or no repair of Fpgsensitive DNA lesions. The higher excision of 8-oxoG by extracts from rat spermatocytes compared to round spermatids (Fig. 1A) could have indicated more ef®cient cellular repair in the former cell type, and the data in Figure 5B do not exclude this possibility. Recently it was shown that overexpression of hOGG1 conferred increased repair rates of Fpg-sensitive DNA lesions in Chinese hamster ovary cells (71) . On the other hand, Cappelli et al. (72) showed that the repair rate in vitro is not solely dependent on the amount of DNA glycosylase.
NTH1 and the repair of Nth-sensitive DNA lesions
Unlike the repair of Fpg-sensitive DNA lesions, Nth-sensitive DNA lesions were ef®ciently repaired in both human and rat testicular cells. This corresponds with the presence of NTH1 protein in human and rat male germ cells (Fig. 3) and with the activity levels against 5-ohC:G (Fig. 1B) . The contribution of the recently characterised DNA glycosylases of the Nei/Fpg family may be signi®cant for the ef®cient repair observed, especially since one of the genes was exclusively expressed in the testis and thymus (36) . Furthermore, humans showed marked inter-individual differences in their abilities to incise 5-ohC as well as 8-oxoG, and the abilities to excise 5-ohC and 8-oxoG were not correlated in each human testis biopsy.
The cellular repair of Nth-sensitive DNA lesions in the various spermatogenic cell types was similar and correlated well with the corresponding incision activities of the extracts (Fig. 1B) and the amount of NTH1 ( Fig. 3B and E) . Similar cell type-speci®c correlations were recently observed with other BER repair functions (Mpg, Ung and Apex) in rat male germ cells (1) . Consistent with our ®ndings, a transcript of hNTH1 was expressed in the human testis at amounts that were not different from those of many other tissues (26, 73) .
The apparently low initial numbers of Nth-sensitive DNA lesions in the Comet assay have also been observed by others in somatic cells (65, 74) . It is not due to saturation of the Comet assay and may re¯ect an initial binding of puri®ed bifunctional Nth to high numbers of SSB or AP sites induced by X-rays, in addition to oxidised pyrimidines. This is re¯ected in the lack of initial Fpg-sensitive DNA lesions measured in the Comet assay in cells exposed to X-rays compared to cells exposed to Ro 12-9786 plus light (unpublished results). The latter treatment induces mostly base damage, giving rise to high initial levels of Fpg-sensitive DNA lesions. Supporting our observations of cells exposed to X-rays, the clustered DNA damage generated by X-rays has been shown to have an inhibitory effect on the formation of SSB at sites of base damage (75) .
Since FaPy residues are excised by both OGG1 and NTH1, as well as by one of the newly characterised Nei/Fpg homologues (36) , their release may represent the activity of several enzymes (18, 30) . The relative excision of FaPy residues in the various cell types (Fig. 1D) correlates with the removal of 5-ohC:G in humans (Fig. 1B) and with the incision of 8-oxoG:C in rats (Fig. 1A) .
CONCLUSIONS
Human and rat testicular cells differ in their ability to repair certain oxidative DNA lesions. Cells from both species repair Nth-sensitive DNA lesions ef®ciently. Human testicular cells, at least in the late stages of spermatogenesis (spermatids), poorly repair Fpg-sensitive DNA lesions such as 8-oxoG, whereas rat testicular cells repair these lesions ef®ciently. Human male germ cells may thus be particularly sensitive to some environmental agents that induce oxidative DNA lesions, with negative effects on male reproduction and de novo germline mutations as likely consequences.
